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THE USE OF ALKALI WATER FOR IRRIGATION 
By 
F. S. HARRIS and N. I. BUTT 
Because of the scanty rainfall of arid regions, the soluble ma-
terials in the rocks and soil are not leached out as they are 
where the rainfall is high. As. a result, the accumulation of ex-
cessive quantities of soluble salts is likely to be a menace to arid 
soils. Farm practices must be directed toward preventing this 
condition. 
One possible source of contamination is from irrigation water 
which may carry in solution large quantities of soluble salts. 
Water passing over 'or seeping thru alkali land gradually dissolves 
the alkali which it retains in solution. Drainage water coming 
from land that is high in soluble salts should therefore be thoroly 
examined before being used for irrigation. 
Streams that flow thru rock formations, such as the Mancos 
shale, which contain large quantities of salts are often so 
strongly impregnated that they are rendered valueless for irriga-
tion. Springs and wells are often found · containing sufficient 
soluble salts to make the use of their waters dangerous. A lim-
ited quantity of alkali in the water would not be so serious if- it 
were not for the fact that the land on which it is used may 
already have sufficient alkali so that the addition of any more 
would make it unfit for crops. 
The variation in original salt content of the soil makes it 
difficult to determine just how much alkali can be present in 
irrigation water before it becomes dangerous. Notwithstanding 
the difficulty of giving exact figures, the problem is so important 
that it merits the most profound study. This is realized when 
the extensive use of irrigation water is known. 
About 95,000,000 acres of land, or about 7 per cent of the 
total area under cultivation in the world, is farmed by irrigation. 
This area will be greatly enlarged in the future. The 25 or 30 
per cent of the earth's surface which receives too little rainfall 
to allow farming without irrigation includes some of the richest 
known farming land. The southwestern parts of Africa, South 
America, and Australia; the northern part of Africa; the north-
ern and western parts of North America and Asia; and parts of 
eastern, southern, and western Europe are all too dry to permit 
of successful farming without supplementing the water that falls 
naturally on the land. Much more land needs irrigation than can 
be supplied from available sources. For this reason, it is import-
ant to be able to utilize all the water that is possible, even that 
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which is not entirely pure. This makes it desirable to know just 
what are the danger limits of alkali in irrigation water. If the 
tilling of land requires irrigation with water which will render it 
unproductive, it is highly desirable to prevent the erection of 
expensive irrigation structures. 
Little is known of the laws governing the retention and con-
centration of alkali in the soil from the water passing thru it. 
In order to meet the increasing demand for agricultural products, 
we must learn how to reclaim and use the great areas of unculti-
vated land. We must avoid the destruction of soils resulting 
from increasing the concentration of alkali in them. Lessons 
should be learned from India, the Euphrates Valley, and Africa 
where millions of acres of land have been ruined by alkali ac-
cumulation. Irrigation furnishes the key to the destruction or 
the utilization of arid lands, depending on the intelligence with 
which it is practised. 
LITERATURE 
Much valuable information has been gathered in the past on 
the different phases of the aJkali-irrigation-water problem. It 
has been observed that most of the contamination .of irrigation 
streams is due to seepage and drainage waters which find their 
way back into rivers and canals. Observations by the U. S. 
Geological Survey and the Department of Agriculture show that 
65 per cent or the Gila Ri'ver water (41) * and 30 to 40 per cent 
of the Salt River water (8 and 34) found its way back into the 
rivers after being used for irrigation. 
Numerous analyses of ... river and canal waters show the great 
quantities of soluble salts added to the streams by seepage water. 
In Colorado, a river increased in total salts from 110 parts per 
million to 1178 parts per million in traveling 20 miles (42); the 
Jordan River, Utah, in a course of 14 miles changed from 890 
parts per million total salts to 1,970 parts per million (19); the 
Pecos River, at Roswell, New Mexico, contained 760 parts per 
million total salts, while about 30 miles below 2,020 parts per 
million were found; and there were corresponding increases un i1 
at a point about 150 miles below the last mentioned place, the 
river contained over 5,000 parts per million (14 and 40). These 
rivers all illustrate the amount of contamination that may occur 
from seepage in almost any river. 
At places where drainage water from strongly alkali soil 
empties into streams even greater pollution may be expected. 
Water passing thru a soil containing 20,000 parts per million of 
- ~ -- - -- -- .- - - -.. - - - -- --
*Numbers in brackets refer to the number of the publication under 
"Literature Cited" at the back of the bulletin. 
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alkali in the upper four feet has been found to contain over 34,000 
parts per millioOn of salts when it reached the drainage outlet 
(11). Such water emptying into the bed of a.small stream, as is 
frequent during the height of the irrigation season, may make 
the further use of .this water extremely dangerous. The water 
flf the Arkansis River is very pure at Canon City, Colorado, but 
it is entirely diverted for irrigation further down. At a point 
about 120 miles below where seepage had increased the stream 
to considerable size again, it held about 2,200 parts per million of 
salts (23). 
Evaporation from free water surfaces is the direct cause of 
the high alkali content of certain irrigation waters. Lake Tulare, 
California, which has no outlet, was once considered a source of 
irrigation water. Due to evaporation its waters increased in 
concentration from 1,400 parts per millioOn in 1880 to 3,500 parts 
per million in 1888, and to 5,200 parts per million in 1889 (29). 
Irrigation water for the Carlsbad district, New Mexico, is stored 
in a large reservoir, or lake, fed by the Pecos River. It was 
found that for several weeks in May and June, 1899, the evapor-
ation of this water which already contained between 2,000 and 
3,000 parts per million of total salts, was equal to over 200 second 
feet (40). The Gila River (27) was found to contain 1,200 parts 
per million of total salts on June 5. By June 23 it had risen to 
1,546 parts per million and by July 8 to 1,921 parts per million. 
Water from torrential rains not having time to sink into the 
ground, especially on rather impervious soils, dissolves the sur-
face salts which it carries into the streams beloOw. Where much 
alkali is concentrated in the upper soil, and surface of the catch-
ment basins of the rivers, the high flood waters may become 
somewhat saline. During 1899 and 1900, studies of the Salt and 
Gila Rivers of Arizona showed them to contain moOre salts during 
flood periods, caused by these sudden showers, than during the 
low stages when the salt content might be expected to be high-
est (14). Similarly, observations of the Pecos River showed the 
first flood waters to contain 5,100 parts per million of salts, 
whereas later it contained only 2,430 parts per million. The 
Salinas River, California, affords another example of this type of 
concentration of salts (50). It therefore cannot safely be stated 
that high waters are best for irrigation purposes. 
Strp-ams with their beds running through portions of an 
alkali ;:; cratum of soil may become excessively alkali. The Salt 
Creek, Ut~b, passes over a part of the bed of old Salt Lake which 
contains large deposits of common salt. After doing so, its water 
contains 2,300 parts per million of total salts, of which 1,629 
parts per million are common salt. 
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OBSERVED TOXIC LIMITS 
The exact quantity of alkali which renders water unsuitable 
for irrigation is uncertain; it varies with the soil, the crop, the 
rainfall, the amount of water used, the drainage conditions, and 
a n:umper of other factors. 
Hilgard (26 and 28) states that although 685 parts per mil-
lion (40 grams per gallon) of the common alkali salts should be 
the limit under most conditions" the nature of the salts will 
modify the limits considerably. As little as 342 parts per million 
of sodium carbonate has in some instances caused serious injury 
in three or four years, while as much as 2,739 parts per million 
of the less toxic salts, such as gypsum, would not be harmful. 
From his work in California, Mackie (37) states that where the 
salts are principally bicarbonate and chloride of sodium, irrigation 
water containing more than 600 to 700 parts per million of salts 
should not be applied except to porous, well-drained soils. Guth-
rie (22) considers 500 parts per million of sodium carbonate as a 
tolerable quantity of this salt even when as much as 150 parts 
per million of sodium chlorid is also present. 
VVhere th e r:a!ts are more of t he sodium sulfat e type, larger 
quantities are permissible. Forbes (14) states that with good 
drainage 1,000 parts per million of salts in irrigation water is an 
obj ectionable but permissible degree of salinity for the soils of 
the Salt River, Arizona. In Oklahoma (31) 1,000 parts per mil-
lion white or 100 parts per million black alkali are considered 
undesirable quantities in irrigation waters. In the Pecos Valley 
(40) 2,500 to 3,000 parts per mi1lion of salts was considered the 
danger zone where about 50 per cent of the salts in the water 
were of sodium-mostly sodium chlorid and sodium sulfate. Good 
drainage in the upper part of the valley makes possible the use 
of water of higher salinity than is possible in lower parts of 
valleys where the soil is heavier and likely to contain more alkali. 
Land, after being irrigated five years with water containing 
3,900 parts per million of salts, was abandoned because of the 
accumulation of alkali and seepage water. 
Experiments in Wyoming (45) show that where only small 
quantities of water are added, practically all of the salts in the 
water are retained by the soil. Under their conditions when less 
than one-tenth of the water added in irrigation did not appear as 
drainage, no real decrease of alkali in the soil took place. Large 
quantities of water applied weekly or semi-weekly kept the salts 
moving downward continually. Means (39) states that the Arabs 
in the Desert of Sahara raise good crops of dates, decidious fruits 
and garden vegetables with water containing as high as 8,000 
parts per million of total salts, 50 per cent of which in some cases 
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was sodium chlorid. Such alkalinity, however, would not be per-
missible except with very resistant crops on light, sandy, or well-
drained soils and where great care is given to keep the water from 
evaporating and concentrating the salts at the surface. 
Without special attention to drainage, a California soil irri-
gated with water containing 766 parts per million sodium chlorid, 
327 'parts per million sodium carbonate, and 315 parts per million 
sulfates was proving injurious to an orchard after three years 
(28). Impervious clay soils might be injured with water too 
weak in alkali to have any noticeable effect on well-drained ones, 
because of the cumulative effect. 
Even in a soil with good drainage in Arizona, it was found 
that when water containing over 1,000 parts per million of salts, 
two-thirds of which was sodium chlorid, was applied 50 to 60 per 
cent of the salts added in the water was retained by the soil or at 
least never appeared in the seepage water of the district (14). 
Soils flooded by sea water for 6 to 8 hours were found to contain 
2,000 parts per million of sodium chlorid in the surface soil 
whereas unflooded land contained only 100 parts per million. 
However, in a drainage experiment on the Swan Tract, Utah, an 
alkali soil containing less than 3,000 parts per million of salts in 
the upper 4 feet of soil, when flooded with water containing about 
1,500 parts per million of salts yielded drainage water containing 
over 11,000 parts per million of salts. The applications of water 
were large, sometimes as much as 16 inches being applied at one 
time, which makes a great difference in the retention of the salts 
by the soil (11). Hawaiian experiments with water· containing 
2,000 parts per million of salts show that on a moderately porous 
soil there was very little accumulation of salts provided occasional 
heavy irrigations were given (9). Washing the salts out of the 
soil occasionally with the relatively pure winter and spring waters 
has proved very beneficial to some alkali districts. 
In semi-arid sections, the salt content of irrigation water may 
be much higher than in the arid without causing trouble because 
the amount of water necessary to supplement the rainfall is 
smaller and the larger precipitation washes the salts out of the 
soil much more readily. The U. S. Geological Survey (46) has at-
tempted to classify irrigation waters as good. or bad by the use 
of a formula based on the toxicity of the individual alkali salts 
to field crops. Such formula, while instructive as to the relative 
injuriousness of the waters, are subject to criticism because the 
factors mentioned above modify the limits through a wide range. 
A formula to be of much practical value must consider these 
factors. 
To show the variati.on in the salt content of some of the prin-
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'!ipal streams of the west, the analyses given in Table I are pre-
sented. It should be kept in mind that these results will not hold 
strictly for different seasons and different sections of the stream, 
but they are useful in gaining a general idea of the nature of the 
alkali in different streams. 
No analyses of well waters used for irrigation are presented 
because well ·waters have been found to ·vary so greatly even in 
short distances that each well must be tested separately. There 
are certain large artesian basins like that of the upper San Luis 
Valley, Colorado-the waters of which all contain larger or 
Table I. Analyses of some characteristic alkaline river 
and lake waters of western United States. 
1 1 1 1 I I 1 I 1 
I Percentage of Total Salts P .P.M. 
(July) Salt River, Arizona \59.4\ 9.2\13.1\40.7\ 1.1\ 6.513.31 3.51 1391 
(Oct.) Gila River, Arizona 36.5 14.6 12.8 27.2 1.5 9.4\2.5 5.1\1085 
(Oct.) Colorado River," 117.4135.6112.2118.2 2.112.4 2.8 2.2 1045 
(June) Colorado River," \17.5 112.5 128.6 113.11 1.5\15.4\5.1 5.3\ 321 (Low water)Pima Ditch, " I I I I (a) 1210 
Buckeye Canal, " 139.9 1 7.31 9.6124.91 .61 6.612.91 2.71 1972 
1880, Lake Tulare, Calif. 117.4116.9126.5 33 .5/ 1.8/1.511.81 .51 1360 
1889, Lake Tulare, Calif. 120.3 120.8 19.5 35.8 2.4 .31.3 .6/ 4910 
1891, Lake Elsinore, Calif. I I I / I (b) 1444 
Salinas River at San Lo- 1 1 \ I 
renzo Creek, california ___ ./11.7 /48.617.9 16.7 1.01 4.5 4.91 .6/ 3689 
Estrella River, California 15.4 30.9 22.3 / 17.9 1 6.3 4.3 / 2.8 1131 
San Benito River, CaliL ___ 113.8129.0 38.3 13.11 5.4 6.67.7 2.61 936 
Cache la Poudre, 2 miles I I 1 1 \ 1 I 
above Greeley, Colorado 2.5160.0 1 7.3 1 9.8 .3 12.3 6.6 11571 
Platte River below Cache I I \ 
la Poudre, COlorado---- ----1 3.8 155.3 8.8 12.0 .4 13 .2 4.7 1 1011 
Arkansas at Rocky Ford, \ I I 1 1 Colorado ______________ _____ _____ 1 4.9 60.7 2.6 114.51 .3 12.8 3.8 1 .4 2134 
Mill Creek (cold spring), \ 1 1 \ \ \ I 1 1 Montana .____ ___ ___ __ __ _____ __ __ 7.4 117.3135.1 23 .5 1.4 10.1 2.2 1 .7 1 3747 
Walker Lake, Nevada ______ __ !23.8121.3117.3134.6Itracel 1.1 11.61 .3 1 2476 
Pecos River, New Mexico 122.6143.71 1.5114.01 .8113.4 13.61 - -j -2]84 
Arkansas River Salt Fork, \ 1 I I \ 1 1 1 
Oklahoma ---- :---- ---------- ----. 51.3 1 8.61 1.2 36.7 1.6 .6 I 5962 
Cimarron, north of King- 1 1 \ \ . _ 
fisher __ ________ ___ __ _____ ____ ____ __ __ 153.51 6.2 - •. 7 38~3 .21 .11 111392 
Brazo River, Texas __ , ____ __ __ _ 130.9/25.5 1 7.1 120.81 .7111.111.71 2.01 1136 
Rio Grande River, Texas ____ 121.6 30.1 111.5114.8 .8113.713.0 3.81 791 
Jordan River, Utah __ _________ _ /35.5126.51 2.7126.1\ 1 7.6 11.5 1 892 
Utah Lake, Utah______ __ ___ ____ _ 26 .9 30.1 1 8.5 118.3 1.8 5.3 6.9 2.2 ,- 1254 
Sevier River at Delta, _ UtahI25.0124.1 117.9116.41 .5.3 6.5 1316 
Beaver River, Utah ____________ 123.SI25.4112.1125.51 1 2.8 11.9 I 990 
Malad River, Utah _____ _______ /50 .01 2.9 4.737.41 I 4395 Salt Creek, Utah_____ __ _________ 46.2 1 3.6 112 .7128.9 1.8 3.311.6 1 1 2180 
(a) 47.9 per cent NaCl 
(b) 16.1 per cent Na2C03, 69 .0 per cent NaC1, Na2S04, etc., 7.1 per 
cent CaC03, MgC03 and silica. 
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Table III. Analyses showing seasonal variation in salt 
content of Gila River, Arizona (14)· 
I Total I Composition of the Waters 
Date I Salts 1 Na 1 CIIS041C031 Ca 1 Mgl K 1 Si03 
(a) Nov. 28, 1899- 1 1 Jan. 18, 1900 ... ..... .. ... _ 1168 1312 401 1551 653 524 264 178 752 
(b) Feb. 1-Mar. 7, 1900 ..... _ 1136 1280 383 165 693 663 289 138 652 
(c) Aug. 1-Aug. 14, 1900 ...... 542 965 947 686 175 
(d) Aug. 15-Aug. 28, 1900 .... 925 I 1 130 836 157 (e) Sept. 1-Sept. 28, 1900 .... 471 823 /5741964 110 571 121 226 266 (f) Sept. 29-Nov. 5, 1900 .... 1085 1271 364 145 127 937 248 151 511 
(a) Low winter water. Average of seven weekly composites of samples 
taken daily. 
(b) Low winter water. Average of five weekly composites of samples 
taken daily. 
,(c) Summer flood water. Average of two weekly composites of daily 
samples. 
(d) Summer law water. Average of two weekly composites of daily 
samples. 
(e) Summer flood water. Average of four weekly composites of daily 
samples. 
(f) Summer low water. Average of five weekly composites of daily 
samples. 
Table IV· Analyses showing seasonal variation in salt 
content of Sevier River, Utah (47) 
1 Total 1 Composition of the Waters 
Date 1 Salts ICa 1 Mg IS04 1 K I CI IHC03 1 NN 
ff€l%N:2\~???;:;;;?;);??;;tL I 958 74 1100 222 10 58 2.78 1.7 1104 84 1 87 272 12 90 290 1.6 1268 82 / 87 288 8 115 284 1.1 1190 92 79 256 10 101 292 1.7 1426 1 86 1 83 329 4 221 264 
I 
.4 
1406 
1 741 75 1 328 
4 210 249 .8 
October 19 
.... _--------------------------- -- -- 1 1436 84 74 334 11 223 284 .9 
November 9 
----------- -- ------- --------- ----- 1 1376 1 84 74 1 326 10 ,204 290 1 .9 
quantities of lime and magnesia. Soils not well supplied with lime 
are injured much more by alkali than those well supplied. It was 
found in Wyoming (45) that alkali irrigation water caused a 
considerable loss of calcium sulphate from the soil. Experiments 
in Oregon (1) show that calcium carbonates, and nitrates wash 
out of the soil faster than applied in the irrigation water. 
It has been found in some regions that the dissolving action 
of alkali-the chlorid and sulfate salts-on lime destroys the 
impervious hardpan layer often found a foot or two beneath the 
surface, thus allowing drainage to go on more freely. 
In the southwest, especially in New Mexico, certain of the 
streams carry calcium sulfate in solution some of the time. This 
salt neutralizes and makes less toxic the sodium carbonate found 
. at times in the soils of the district. If but little or no black 
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alkali is present, as is the case in that of the Pecos River, 
irrigation water may contain much larger quantities of total 
salts than would otherwise be permissible. On soils where an 
impenetrable hardpan exists, sometimes caused by sodium 
carbonate, the permissible salinity is generally lower than with-
out such condition. 
During dry years, a single irrigation with alkali water may 
mean the difference between a crop and a failure, provided the 
crop can withstand the alkali in the water. The limits in such 
cases might be much higher than where it is necessary to irrigate 
frequently. On a clay loam soil containing a medium quantity of 
alkali in the Bear River Valley, Utah, the use of irrigation water 
containing 4,395 parts per million of total salts, 3,625 parts per 
million of which was sodium chlorid, caused almost immediate 
wilting or death of grain. In the Carlsbad district, New Mexico, 
(40) water containing 4,352 parts per. million total salts 
consisting of sodium chlorid 1,628 parts per million and sodium 
sulfate 600 parts per million injured young sugar beets when 
freely applied. 
In Europe (52) the use of irrigation water containing 5,000 
to 10,000 parts per million of salt caused dwarfing of the better 
grasses and legumes so that the yield was considerably reduced. 
seedling grass was killed with these concentrations and even 500 
to 1,000 parts per million injured the stand. 
Corn (2) suffered during its vegetative period when . 
irrigated with chlorid and carbonate waters in concentrations as 
high as 7,389 parts per million, but tomatoes did not. Sugar cane 
(12) and (13), when irrigated with pure water, yield~d 11 tons 
more sugar per acre than when irrigated with water containing 
3,430 parts per million of salts, mostly sodium chlorid. The 
density of the cane juice was lowered and the salt content raised 
by the use of the alkali water so that the purity of the juices and 
the quantity present was reduced. In these experiments 6.75 and 
8.79 acre-feet of water were applied during the season and 
occasional heavy irrigations were given to keep the salts from 
accumulating. When the quantity of water used was reduced 
considerably so that the strength of the soil solution became 
high, such a large quantity of alkali proved fatal. 
Using coffee, cocoa, and other plants to .determine the 
concentration of water that may be used with safety (33), it 
was found that the limits were between 5,000 and 15,000 parts 
per million although the results were somewhat complicated by 
rainfall. 
From a survey of a number of localities along the Pot0nlac 
River, Scofield (44) assumes that the salt water limit for wild 
rice is about 1,754 parts per million (0.03 normal) for . .i ldi:.,m 
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chlorid. The gr'owth wa's' just about proportionate to the strength 
of the solution when less than this amount was present. 
Water to be used in Irrigating 'rice should never contain more 
than 3,000 parts per million of salt, according to Fraps (16) of 
Texas. 
EXPERIMENTAL 
From the above discussion of studies ori the use of alkaline 
irrigation water it will be seen that although some observations 
have bee~ made on the actioil of water containing alkali on the 
soil and plants, practically no, systematic experiments have been 
made to determin~ plant toleranc;e of such water. Most of the 
field observations admit of error in interpreting the effect of the 
alkali because of complicating factors, such as the previous salt 
content of the soil, accumulation of salts in the upper strata of 
soil, ·and the inter.fering ;;tcti9n of various non-alkaline salts. ' 
"EFFECT OF" CONTINUED. IRRIGATION WITH ALKALI WATER , ' 
DESCRIPTIQN OF EXPERIMENT 
. ' To . study the', etI:ect.:of the alkali salts when present alone in 
the :water, an exp.e:r.iment was b~gun. at the Uta!}., Experiment 
Station in> 1915 to determine the Goncentration of various salts 
necessary to make water ",unsuitable for irrigation in sand and 
loam soils. Earthen Jars containing ',an ~quivalent of 7.24 kg. of 
dry loam 'soil and another series cont~ining a~ equivalent of 7.69 
kg. of. dry sand, were used ~in- the experi;ment. . There 'were two 
duplicate jars for each test and, fO-Qr,> ch~ck jars with each kind 
of soiL Throughout the .experiment the s~il moisture was main:-
tained at 20' per cent of ,the ' dry- 'weight , ,of the 'soil. ' Thirty 
kernels of New Zealandwheat ,were plaijt~d, in each , jar and the 
number of plants was reduced to 29 ;;t.fter they ,were up., The 
jars , were then sealed wth paraffined paper to reduce to a 
minimum evaporation of water-~nd concentration of. the salts at 
the surface. Solutions were added weekly to make the jars up tQ 
the proper moisture content. The concentrations of the sodium 
chlorid and sodium carbonate solutions ranged from 500 to .4,000 
parts per million, that of the sodium sulfate from 1,000 to 14,000 
parts per million, and that with equal quantities 'of each of these 
salts from 1,000 to 10,000 parts per million: The quantity of 
alkali water added was recorded and at harvest the data presented 
in Figs. 1 to 14 and Tables V and VI were taken for each of the 
four years, 1915-1918 inclusive. The same jars. and soil were 
used throughout the experiment, the soil was taken out and after 
a thorough mixing was returned to the jar each spring. The 
direct as well as the cumulative effect of using alkali water 
may therefore be noted. 
Table V. Quanti ty of water and the parts per million of salts added during each year and the total alkali in 
soil at the close of each year . 
Strength 
of 
Solution 
Check 
~aCl 
500 p.p.m .... . 
1,000 p.p.m .... . 
2 000 p.p.m .... . 
3:000 p.p.m ..... '. 
4,000 p .p.m ... . . 
Na2C03 
500 p.p.m .... . 
1,000 p.p.m .... . 
2,000 p.p.m __ .. . 
3,000 p.p.m ... . . 
4,000 p.p.m __ .. . 
Na2S04 
1 ,000 p.p.m ... . . 
4,000 p.p.m __ .. . 
7,000 p.p.m ..... . 1 
11 ,000 p.p.m .... . 
14,000 p.p.m ... . . 
Mixed 
1,000 p.p.m ... . . 
4,000 p.p.m .... . 
6,000 p.p.m .... . 
8,000 p.p.m .... . 
10 ,000 p.p.m .... . 
. (Loam Soil) 
1915 1916 ----------- 1917 1918 
1 SOlutiOn \" Salt ITot'l Sa lt l Solutign l .Salt ITot'lsalt \solutionl Salt /T.ot'l salt lsolutionj Salt ITot'l Salt 
1 Added Added in Soil 1 Addeq. I. Added in Soil Added Added . }n SoH . Adde.d Added 1 in Soil 
1 (c.c.) 1 (p.p.m.) 1 (p.p.m·) 1 (c.c.) · 1 (p.p.m.) (p.p.m.)1 ( c.c.) (p.p.m . .)1 (p.p.m.) (c.c.) (p.p.m.) I (p.p.m.) 
7,
016
1 
7 ,450 
6,921 
6,316 
5 ,143 
4,683 
6,111 
5,450 
5,427 
4,741 
4,501 
7,273 
5,763 \ 
5, 85 11 4,!l72 
3,&15 1 
6,090 \ . 
5, 844 1 
4, 5281 
3, 940 1 3,838 
515 
956 
1 ,745 
2;131 
2 ,58:8 
422 
763 
1 ,499 
1 ,96'5 
2,487 
1 
1,004 
3,184 
5, 652 1 
7,548 
7,381 
841 
3,229 1 
3, 753 1 
4,35 41. 
5 ,302 1 
515 
956 
1,745 
2,131 
2,588 
422 
753 
1,499 
1,965 
2,487 
1,004 
3;184 
5,652 
7,548 
7,381 
841 
3,229 
3,753 
4,354 
5 ,302 
I 
8,173 
6,348 1 • 
5 ,119 
3,581 
3,361 
3,422 
7,801 , , 
3, 614 1' , 2,540 
2,030 
2,
741
1 
7,274 
4,762/ 
2,678 
4,035 
4,125 
2,771 
3,058 
2 ,665 
2,550 
2 ,577 1 
4381 
707/ 
989 i. 
1,392 
1,891 
5B!l 
499 
702 
841 
1,514 
1,004 
2,631 
2,5881' 6,131 
7,977 
383 
1 ,689 
2 ,209 
2,818 
3,559 
I 
1 9, 3221 ~531 8,874 
1,663 1 ' 8,211 1 
2,734 4,590 
3,523 3,830 
4,479 1 2,463 
613 1 
1,1341 
1,268 
1 ,587 
1,360 
961 
1 ,2 52 
2 ,20,111 
8,370 1 ' 577 
2, 806 , 
8,275 1 1,144 " 
8,840 2,442 
7,11'8 - 2,949 
5, 260 1 2,906 4,00 1 1 ' 
2 ,008
1 
9,517 
5,81 51 7,125 
8,240 4 , 9 ~0 
13,679 \ 3,519 
15,358 '3, 256 
I ' 
-1 ,224 1 i\' 221 1 4 ,918 3,73'8 
5,962 1 3,7601 7,172 ' 1,778 
8,861 1 ,325 1 
1 ,314 
3,936 
4,786 
5 ,346 1' 4,557 
1 ,550 1 
2,064 / 
3,116 
1,964 1 
1 ,830 1 
, 1,566 
2,797 
4,002 
5,110 
5,839 
5,398 
4,877 
3,695 
3,212 
::',250 
2,3171 
1,53~ , 1,715 
2,396 3,937 ,. 
4,643 3,275 
5,755 3,250 
6,907 ' 2,057 
3,322 
9,751 
13,026 
19 ,025 
19,915 
.2,774 
6,982 
9,0781' 9;136 
10 ,691 
5,417 
3,882 
720 
250 
4,975 
2,405 
2,242 
2 ,034 
715 " 
337 
510 
887 
517 
1,280 
118 
. 543 
904 
1,346 
1,136 
748 
2,144 
696 
483 
687 
1,328 
1,
858
1 2',247 
987 
1,903 
3,307 
4,889 
·5,627 
7,019 
1,656 
2,939 
5,547 
7,101 
8,043 
4,070 
11,995 
13,722 
19,025 
20,398 
3,461 
8,310 
10,9,36 
11,383 
11,678 
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RESULTS IN LOAM 
During 1915 all of the jars receiving sodium carbonate 
showed a more or less notable wilting of the plants when about 
1,000 c.c., or the equivalent of about 1.1 inch of water, over the 
surface of the soil had been applied. As shown in Fig. 1, this 
wilting or drooping of the crop is reflected in a decreased yield 
of dry matter for all jars receiving sodium carbonate. With 
this salt a rapid decrease is noted for the first two alkali treat-
SlJo 200u 4IJiJ0 6000- 8000 10000 12000 14000 ments and a grad-
I I -I ual one thereaf-
1-+-+--t---+~t---+--1 ~:;~o,________ ter. The y i e I d 
~ 2 z~:~=== was little more ~ 8 --: " ~I- ' t han one-half 
that of the checks 
in the jars receiv-
I--f--t-_+_-t--t___-t-_+_-+-t---+--+--+---'---lt----t-----i ~ ing sol utions of 
4 -
J j j- -
/6 I( the highest con-~+-~-+~t---+-_+_-+~-+__+_-+~~~ oc 
'O/e t) centration. From ~ 8 ~ these data it ap-
4 ~IS: $~~: ~-t-~~~~+::t:::~ ........... ~~:::::t=r-=4=~H to- pears that with a L.....l.......L.....Jr_" "'"'_~-.J:.-.!.::..:..!-:':oI c.~'==_:::1..r--...J· , ....:.:.::====_==-;,:;;-I-"'___'____'____"~; soil of this na-
IL 
-" 
/61/ ~ 1 
~ r- .~~ J. 
;- /2 '!'X I" 
"\ -, 
--~ 8 ~ '. -:-... 
...... ~ 
4 .... . '- '- ~ 
'- '-" 
16~-i-_+_-t--t___+-----t'--+~t--t--+---t-t--r-4 
~-t-_+_--+-t___-t-_+_--I-~t-+·--r-· +--+--+--~ 
.«l /ZI-+--+---t---+-t--t---t---t- t--t--r - +--t--+--I 
OJ 
-81~+-~-+-t-+-~--r~t--t---+-T-t-+-~ 
~r-"'I 
w t u r e, irrigation ~ water containing 
~ as much as 500 
a parts per million 
of sodium carbon-
ate is dangerous 
even when used 
in reI a t i vel y 
small quantities. 
As seen in Table 
V, the sodium 
carbonate so i I 
SOD 2000 4000 6pQO BOOO. 10000 12000 14000 contained fro m 
Fig. l.-Dry weight in grams of wheat 'produced 422 to abo u t 
on loam soil watered with alkali solutions of dif- 2487 parts per 
ferent concentrations expressed in parts of salt per ' ·11· f It t 
million of water. ml IOn 0 sa a 
the end of the 
year. The water used per gram of dry matter was nearly con-
stant for all treatments with this salt. 
The checks produced slightly more than the soils receiving 
mixed salts. With the highest concentration of sodium sulfate 
and sodium chlorid, the growth appeared to be affected by the 
salts. The soils of these two treatments contained about 7,400 
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and 2,600 parts per lnillion, respectively. The highest concentra-
tion of the sodium sulfate produced about the same quantity of 
dry matter as the highest concentration of the sodium carbon-
ate .. although the quantity of salts in the latter soil was only 
.::tbout one-third that of the former. The jars receiving sodium 
carbonate were less economical in use of water for the dry mat-
~ 2100 4.O(J() 6£00 
12 
-
. 9 .... -,..- ,-, 
.... 
6 
,J 
8.'100 lm.'fM. 
,-
-.- -f_. 
N.DCI 
N"zCOJ 
N",SO. 
Mixed I I I ~I 
JlJ,OO 1400 o ter produced than 
the other salts. 
I t will be noticed 
that the mixed 
solution w hen 
con taining the 
same quantity of 
sodium carbonate 
~Ef~~~~~~~~~~~~~~~~~ as in the pure 
<D 9E > solution of sodi-
~ 6 \ F-- I-- I-- 5 urn carbonate is 
tB~'~~~I~'~'-~-~""!~ ' ~'''''-~''I-~''-~~I~~.J less toxic to the I-r-- ~ plant in the pro-
~r:III1I1I1I!II!lIIIIIIIIII!lIIII!lj I: duction 0 f dry mat t e r than where the pure solution was used 
alone. 
12 
<D9 
' §6 " 
J 
500 2fJ00 4{JOO 6,000 
Referring t 0 
Table V, it is seen 
that with the 
possible e x c e p-
tion of the jars 
w~tered wit h 
sodIum carbonate 
tJ,Ooo laOO(' 1<000 14,000 none of the soil 
Fig. 2.-Number of leaves per plant produced on watered with the 
wheat growing in loam soil watered with alkali solu- weaker solutions 
tions of different concentrations expressed in parts contained, at the 
of salt per million of water. 
beg inn i n g of 
1916, quantities of salts which are ordinarily considered danger-
ous to plants although the stronger ones held more salt than is 
generally compatible with successful wheat growing. It is to be 
expected that the solutions added each successive year will appear' 
more toxic as the salt accumulation in the soil increases. 
The yield of dry matter was somewhat lower for 1916 than for 
1915. For 1916 the sodium carbonate and mixed salts, with the 
exception of the weakest strength of sodium carbonate, were con-
siderably more harmful than the other salts. In the jars which 
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received 1,000 parts per million solutions or above the yield of dry 
matter was below half that of the checks. The mixed solution 
was nearly as toxic as the sodium carbonate at the same strengths. 
When irrigated with solutions exceeding 500 parts per million, 
sodium chlorid showed nearly half the toxicity of sodium carbon-
ate for the different treatments. While sodium sulfate appeared 
. $'.DO . 2(.00 41J()(T 6000 .8/)00 winn /l()M 14100 toxic in the jars 
_...... receiving sol u-
J' tions 0 f 4,000 
.t-++---+--,-+--f---..+----l NaCl -- 1 
..... 2 . . Na,CO,~.--- parts per mi lion, 
:§ I -f- NC?T.TI\KfN -~-+-- '~f:~~ . or abo v e, the 
yield Vi a s r e-
~~ __ ~~~~~~ __ L-~~-L-L~~g duced less than 
~4()a~~~=E~=E=E=E333a3B!:l half that of the 
J2H-r--J--+-+-t--t----+--+--+-if-4-+--+--l::1 checks as an av-
~ 24t-+--J----f-.----+-+"---I-:-+--+--+-+-i-+--+--+---I> erage. The sodi-~ ,/lol",,"- 5 um chlorid treat-
..J ments a 11 0 wed 
- .... 
W±i=:t:::i=±:±±:±::±=±::je:±:::±:±:Jl:5 the production of 
~=E=!=~E:E=E=I33=EEE:E3I dry matter with 140.t-+--J----t--+-t-_1---+--+--+--+-if-+--J..-...--+--~r; less water than tJ.2.t-++--t--t--+--+~I-4-+---+-...:-+--+~-t--:-l~ any of the others 
I"- 1241-· +-!---1-+--+--+--+---+-+-+---l--l-----I--~.J or the checks; §~~fl~~~~~~~~~~9E~~~~: .... the sodium sul-
B fate was a Iso 
· 40 
SZI1r 
~. 
24 ~:::-.. ........,.;~ 
/6 
...... 
8 
" 
SOO ZODO 4' .O(J 
....... ;;::: 
'" I"-
" . 
Of.'W &00- JOf.OJI. It::IIIJU l40io 
very efficient in 
this regard, while 
the sodium car-
bonate and mixed 
salts were rather 
wasteful of wat-
er. 
Fig. 3.-Length in centimeters of leaves produced It .will be no-
on wheat growing on loam soil watered with alkali ticed that the 
solutions of different concentrations expressed in highest produc-
parts of salt per million of water. 
tion of dry mat-
ter during the four years was in 1917. Both the sodium carbon-
ate and the mixed solution appear to have been stimulated by the 
salts in the weaker strengths. The highest production for sodium 
carbonate was on soil which contained over 4,600 parts per million 
of this salt at the end of the season. Although the soil receiving 
this salt shows a sudden drop in dry matter when the higher con-
centrations are reached, it does not hold the distinctive toxic 
position which it held the two previous years. Except for the 
weaker treatment where there is apparently no effect, sodium 
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chlorid takes the position of most toxic salt for the last two 
years of the experiment. When the soil was receiving solutions 
of strength greater than 1,000 parts per million of either sodium 
chlorid or mixed salts the yields were materially reduced. With 
sodium. carbonate the toxic effect appeared above the 2,000 parts 
per million treatn1ent and with sodium sulfate above 4,000 parts 
500 2.1100 4;000 
22. 
1& 
Ir.l!~ ..:,::.. 
--
....... ::::., ' 
10 
4 
6~OO 8000 ' laooo 
NaGI 
Na"COj --
NazS'4 ............. 
Mh ,d' -1-' .... .,. 
~ -, t:*-o:: 
-,-
i2000 14JXO per million for 
1917. The treat-
ments were all 
about equally ef-
ficient in the use 
of wa t era n d 
made better use 
of it than during . 
16.t;=. t:t=t=:t:::::t=t=t::;$~~~~~~~ 1916. 
!e ~.1 .7;;:: . ....- (fl In con trast to 
Sl? 10 f"( _:r.' ........ ~ -'-' -,- L ,...Lo1:·+-+-~-"t--~--+-h--+--'+--+~t--+----t--t----1 3 the pre v i 0 u S 
4- L) year, 1918 shows 
L.....L.....L......J_...l...--'----L-----'_.,L--L....--L...-..J._.l.---L....--I.....----L~ ~ a very low pro .. 
~~~~~ ~,; ........ ~ .... ~=+=~+==r==+=1r::: .. =_'"*"tt"'""::1c::;J;;r___d=l ~ duction of dry 
16~:t=t==t===t=\~~· ....... ~:t. ::~::-"-:::.~ . ... !~-~~. =+==~=+=~~=+~ ~. matter. The va-il .. ' ~ riations were 
19.9 
. 16t-t--+--+--+__1r----+--+--+__1-+-_t__r-:-t-r____1 
... 
a:; . 1-" 
-lO~-~~~/~~,-+--~+--r-+__1-+__t__r_1-r____1 
4-- . ~ ,....... " 
--I"'" ........ 
therefore so small 
that the distinc-
tive effects of the 
sal ts are less vis-
ible than during 
1917. Not much 
change in the 
general relation-
ship of the differ-
500 2J)00 4,000 6,000 8.000 10,000 12,000 . . 14.000 en t salts appears 
Fig. 4.-Number of culms' per jar produced on 
wheat growing on loam soil watered with alkali solu-
tions of different concentrations expressed in parts of 
salt per million of water. 
in 1918 except 
that the sodium 
sulfate became so 
toxic for the 
treatments above 4,000 parts per million that growth was prac-
tically prevented. There were 13,722 parts per million of salts in 
the soil where the rapid decrease in dry matter began for the 
sodium sulfate. By referring to Table V it will be seen that with 
the possible exception of the jars receiving the weakest alkali 
water, all of the soils contained more salts than is ordinarily found 
in field soils growing satisfactory crops. 
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N wmber of Leaves P,e.r Plant 
In Fig. 2 is presented the data for the number of leaves pro-
duced per plant. Comparing it with Fig. 1 showing the dry mat-
ter produced, . it will be seen that for the first two years the reI a-
tvie toxicity of the salts appears about the same for both d~term­
' 500' 2100 4£00 
14lJ 1 
1 
JO I ' 
20 "'-f---"": Nor Tf\KEN , 
1 1 
10 1 1 
1 • 
I, 
6/)00 . 8.000 10.000 
l 
'!'IaCI ' Na.!co,- ---No.zso..-'-
Mixed -~ -- : 
' 12 )()() loW) inations. The 
toxicity of the 
mixed salts and 
the sodium car-
bonate in the jars 
receiving sol u-
t ion s stronger 
i"4l"nt-. t-t-----i---+-+--1r-t--+-+--+--+--+--+--l---IE than 1,000 parts rJ-lH---+-t--+--+--+....:...-.I__+.--+~---'-<~-I--+-__I8 per million i s ~3C~rr-+-t--+--+-~~~-I-_+_-+~~~~~ :~ 20 " I..... ~ (/} more strikingly 
. IV I _ ......... .... - ~ shown for the 
10t:!~~1,:1=" __ . ....:. __ ~ ?, number of leaves 
r
L...: "l....L~.....I ~-J ~ ..... :;;-=F.L.. =-=t.J.:::::-:::::...J !=~ ::::: ....=F.L.. :::::...;. =t.J. :::::-=1-l~:"" :::::- t=.L :::::- =+...l. :::::-:::::...J r:::~:::::""" :t=.L :::::_=+...L :::::-:::::-~L ==I---1~ than for the pro-
. ' Iavs~~, . I: duction of dry 
140 ' .. ~ ~ t-. 1916 
' . I'\: .... "'~ <!J matter In . 
r- 30·t-t-r--t-'"",,-r--=~~~· k:.~~"-';'. k-~+Io..:"'-~-. t-+--+-:-+--f~ N either the sodi-
~~6 ['I-,...J urn chlorid nor 
the sodium sul-
fate had much 
effect 0. nth e 
number of leaves 
.,,; 30,L....j;::t-+-±-f-+-+--+-.-+--I-+-+----+-~__I for this yea r. 
in I ...... 1:>0 io.o.. ' 
.- 20 ~I I ' . ' __ I-H-j-I- - 1-1 For the year 1917 '~\~~ ~~~~~~~~I--+--+--+~I--+--~ 
10 when the proouc-
H--I-+---+--+----+--+-----l-t--+---I--+--+---l-~ ( tion of dry rna t-
500 2,000 4.000 G.ooc MOO 10.000 12,000 ,.000 ter was highest 
Fig. 5.-LengUi in centimeters of culms produced none of the treat-
on wh eat growing on loam soil watered with alkali ments s Ii 0 wed 
solutions of different concentrations expressed in distinctive e f-
parts of sa lt per million of water. fects of the salts 
in the number of leaves produced. It was a year of low leaf pro-
duction for normal plants. In 1918 all of the salts showed the 
injurious effect in the soils receiving 1,000 parts per million solu-
tions or greater. The number of leaves throughout the four years 
are seen in general to be affected most by the sodium carbonate 
and least by the sodium chlorid. Apparently the growth of the 
leaves is influenced when the salt content of the soil is above about 
3,000 parts per million. 
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Length of Leaves 
Figure 3 indicates that increasing the ' concentration of the 
salts tends to shorten the length of the leaves. During 1916 and 
1918 even the weakest of the alkaline solutions appear to have 
checked the growth in length. Differences between the salts is 
500 2000 4,100 6.000 
U 
16 
Ki 
: 4 
8.COO 10.000 
I~J~bJ-- --
Na.lSa...........:-.-
M,xed -1-1-1-
~ 
.. _-
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. 12000 . 7{0{)() slight, but the 
mixed salt solu-
tion seems a little 
rnore toxic than 
the others and 
the sodium sul-
fate least so, as 
an average. A s 
16H-+--+---+--I'---+--+--+--+---I~+--+---+---+--I ·:g with the number 
~ IO.I-+-+--+--+---I-~+--+--+---I-+--+--+---+--I~' of leaves per 
I=tt/~",s::::::t=;4==t=t=.t=j=t=t4"-~~~::tI1T plant, the length 
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- JO 1 __ .. f eren t t rea t-
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men t s. Bot h 
number and 
length of leaves 
seem to- indicate 
that seasonal va-
riations mig h t 
destroy results of 
alkali stu die s 
.J.QO 2,000 4.000 6.000 : 8,OOQ . 70,f)(1l ' ::2,000 ,,111» ' based on these 
Fig. 6.-Number of heads per jar produced on factors. A limit 
wheat growing on loam soil watered with alkali solu- of about 1,000 
tions of different concentrations expressed in parts of parts per million 
salt per million of water. for most of the 
salts is indicated by these factors. 
Number and Le11gth of Culms 
Figure 4 shows the number of culms per jar. The variation 
is wide, but the results are not consistent for the different years. 
The plants receiving sodium chlorid and sodium sulfate appear to 
have been stimulated to greater culm production as the strength 
of the solutions increased in 1916, but this action is not seen in 
other years. Increasing the strength of the mixed. solution had a 
toxic effect for the last two years. The ' same inconsistent varia-
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tions may be noted for the number of culms on plants grown in 
sand soil represented in Figure II. 
For the length of culms represented in Figure 5 the conclu-
sions for dry weight of plants will apply with very little modifi-
cation. 
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I-+--Ij-I--I--f--'-r---t---t--t--t-+--t---l--I--'I---I~ fluctuations are 
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ber of cu]n1S. 
Figure 7 repre-
sents the average 
number of spike-
lets per head for 
the d iff ere n t 
treatments. Ex-
cept for the sodi-
. F ig. 7.-Num ber of spik elets per h ead produced on urn chlorid, and 
wh eat g r owing on loa m soil water ed with alka li solu- possibly sodium 
tions of d iffe r ent concentra tions expressed in parts of sulfate, the num-
salt per million of water. 
ber of heads was 
so small during 1916 that little could be expected from a study of 
the number of spikelets. However; the number of spikelets ap-
pears to decrease with increasing concentrations of the salts, with 
the exception of the sodium carboriate, for the last three years of 
the experimnet. The sodium chlorid is the most toxic salt at a 
given .concentration as an average and it shows a more rapid. 
decline in number than the other salts as the solutions grow 
stronger. In all three of ·the years all of the weaker salt treat-, 
ments caused the plants to form more spikelets than were pres-
el1t in the checks. The mixed. salts and sodium chlorid stimulated 
most in weaker solutions. . 
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RESULTS . IN SAND 
In the sand soil the plants showed plainly the effects of im-
proper nutrition. The height, size of culm and leaves, and the 
general spinlding appearance of the ph~,nts as well as the light 
green color were in marked contrast to the more nearly normal 
sc<) 2 C(}(! 4-.000 6.odtJ 8.000 IQOOO 72000 14.0M plants i nth e 
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loanl soil. Both 
the loa m and 
sand were kept at 
20 per cent mois-
ture ; hence the 
sand had prop or-
tiona tely m 0 r e 
available m 0 i s-
. ture. This would 
increase its resis-
tance to alkali. 
The variations in 
the factors stud-
ied were accord-
ingly much less. ~tlllllllllll!lI!II!lII!!!!lIlIiiill!110  1.2 ". -........ - c -- == a::: 6 __ -::-=0 Dr y Weight of o~ - '-<r-r., Crop 
-=-+-- -~-=- ==-[ii.llilllllllljj. In Figure 8 is 2; shown the dry -- matter produced 00 1.8 ~ 7.2 in the sand for .6 _ , l"'-- each of the four years. Although. 
590 z, ooo 4;000 I '-I~.OO'O - 8. ~OO Jq900 12/)00 14007 as an average for 
F ig . 8.-Dry w eight in grams of wheat produced the year 1915 the 
on sand soil watered with alkali solutions of differ- chlorids show the 
ent concentrations 'expressed in parts of salt per effect of the salts 
million of water. 
most and the 
rriixed salts least, the variations are so inconsistent that the re-
sults for that' year are probably of little significance. The salts 
added to the soil had not reached a point which should prove in-
jurious under any of the treatments until after the plants had 
reached a stage of growth where' the alkali had little effect on the 
dry m'atter. In Table VI is shown the quantity of the solutions 
and the parts per million of salts added to the soils during each 
season and the total quantity of salts present in the soil at the· 
end of each season. . 
The effects of the salts are seen more . distinctly during the 
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last three years. In 1916 both the sodium carbonate and the 
mixed solution showed an apparent stimulation up to the jars re-
ceivIng solutions containing 1,000 parts per million after which 
a rather abrupt drop in dry matter is seen. Where the strength 
of the solution exceeded 7,000 parts per million the sodium sulfate 
compared with the check shows a steady decline in dry matter 
~oo lJOO . ({lOa . 61100 B/)()() IQ 00 12.')00 14lJl. 
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Fig. 9.-Number of leaves per plant produced on 
wheat growing in sand soil watered with alkali solu-
tions of different concentrations expressed in parts 
of salt per million of water. 
production for 
this year; 14,000 
parts per million 
in the solution, 
causing a very 
low production. It 
is doubtful if the 
variations shown 
for the sodium 
chlorid can be as-
signed tot he 
salts added be-
cause of the wide 
changes. 
Plants receiv-
ing the stronger 
solutions of sodi-
um carbonate and 
mixed salts used 
enormous quanti-
ties of water for 
the dry matter 
produced, where-
as ·t he sodium 
chlorid was com-
paratively e c 0-
. nomical. In the 
latter respect the 
sand show s a 
close relationship 
to the loam soil. 
No pronounced stimulation in the production of dry matter is 
seen in 1917 as in 1916. As in the two previous years, the sodium 
chlorid acted irregularly during 1917. The first and last set of 
jars prevented a smooth curve, but even were it smoothed the 
sodium chlorid would still be but slightly toxic during the last two 
years. As would be expected because of the increased salt content 
of the soils, the other treatments showed the toxic effects of the 
salts more strikingly and at lower .concentrations than in previous 
Ta,ble V I., Quantity of water and the parts per miUion of salts added during the yea,;' and the total alkali in 
soil at the close of the year. 
- ~ 
Strength 
, of 
Solution 
~ 
Na2S04 
1,000 p.p.m ... . . 
4,000 p.p.m .... . 
7,000 p.p.m .... . 
11,000 p.p.m ... . . 
14,000 p.p.m .... . 
l\-Iixed 
1,000 p.p.m .... . 
4,000 p.p.m .. .. . 
6,000 p.p.m ... . . 
8,000 p.p.m .. .. . 
10,000 p.p.m .... . 
I 
.1 
(Sand Soil) 
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1 (c.c.) 1 (p.p.m.) (p.p.m·) 1 (c.c.) 1 (p.p.m.) / (p.p.m·)'1 (c.c.) ! (p.p.m·) '1 (p.p.m.) (c.c.) 1 (p.p.m.) 1 (p.p.m.) 
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years. Both the sodium carbonate and the mixed salts showed a 
very decided toxic effect in the jars receiving more than 1,000 
parts per million solutions, and the sodium sulfate in those re-
ceiving more than 4,000 parts per million solutions. From Table 
VI it is seen that these soils were becoming strongly impregnated 
with the salts at these points. 
10000 12,000 
Nael 
1-1 -1--B - - -
14.000 
.-
For 1918 prac-
tically the same 
general results 
are seen as were 
noted in 1917 ex-
cept that the tox-
icity of the salts 
had apparently 
r~i!IEI-!I-ir--I-llillllll~ increased. The 24 __ en yields were ma-~ 16 -- -- ~ terially decreas-.--~ c( r- t-::::i= ~ --t- - ~ w ed, in all except st-::=-_r--- - ~- -'--I~~ -,~~ ,='= -.J the sodium chlor~ !=f-:~: --- --1-- ~ j-. ~ id jars, where 
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r ~=-r=t- ..= _ The production of 
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500 parts · per 
million solutions 
of sodium carbon-
ate was apparent-
ly not affected, 
while less than 
half a crop was 
Fig. lO_- Length in centimeters of leaves produced proQuced in those 
on wheat growing on sand soil watered with alkali .. 1 0 0 0 
solutions of different concentrations expressed in receIvIng , 
parts of salt per million of water. parts per million 
of this salt. 
Number and Length of Leaves 
Figure 9 shows the number 6f leaves produced per plant for 
the different treatments. As with the production of dry matter, 
the salts were added too late the first year to affect the number 
of leaves produced per plant. With increasing concentrations of 
salt in the soil from year to year thereafter, the number of leaves 
decreased with increasing quantity of salts with the exception of 
sodium chlorid in 1916 .and 1917. When the soil reached a salt 
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Luntent above 1,000 parts per million of sodium carbonate the 
number of leaves produced by' the plants declined rather rapidly. 
With the mixed salts, leaf production decreased above the 4,000 
parts per million treatment in 1916 and above 1,000 parts per 
million in 1917. The soils at the time the rapid decrease began 
held over 3,000 parts per million in all cases. During 1918 many 
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qua n tit i e s of 
about 7,000 parts 
per million. I t 
will - b e noticed 
that the mixed 
salts hold a posi-
tion next to the 
most toxic solu-
tion in number of 
leaves produced 
as it did with 
weight of plant. 
As shown in 
Fig. ll.-Number of culms per ja r produced on Figure lOa 1-
wheat growing on sand soil watered with alkali solu- though the length 
tions of different concentrations expressed in parts of of the leaves ap-
salt per million of water. . 
pears to have de-
creased slightly with increasing strengths of solution for the first. 
three years, this tendency is so slight that it can hardly be as-
signed wholly to the salts. The toxic effect of sodium carbonate 
and the mixed salts appears sooner than for the other treatments. 
In 1918 the tendency seen in 1917 for the sodium carbonate to be 
the most harmful solution is shown very definitely when the 
treatment was with a 1,000 parts per ~illion solution or above. 
Sodium chlorid was least harmful to the development of long 
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leaves on the plants. The length of leaves appears to be a poor 
index for judging the toxicity of alkali to plants. 
Number and Length of Culms 
Figure 11 shows that although the variat.ions are fairly wide 
for the number of culms produced per jar, the variations seem 
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12.XXJ I~O hardly to indi-
cate any definite 
effect of the salts. 
For the two 
years 1916 and 
1918, the sodium 
E chlorid appears to 
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of the salts show 
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I- a lower number 
~ of culms for the 
lLJ higher con centra-
....J tions in 1917 and 
most of them in 
1916. 
Comparing the 
years 1916 and 
1917 of Fig. 12, 
showing the aver-
age length 0 f 
culms, with Fig. 
SOO 2.000 4.000 6,000 6.000 lO.OOO 12.000 14llOO 8, showing the 
Fig. 12.-Length in centimeters of culms produced yield of dry mat-
on wheat growing on sand soil watered with alkali ter per jar, it will 
solutions of different concentrations expressed in be seen that the 
parts per million of water. . 
relationship be-
tween the different salts is almost identical for the two determin-
ations. The position. of the toxic points is practically the same 
as for the dry weight. It 'will be recalled the loam soil also indi-
cated this. During 1918 the sodium chlorid was least harmful. 
It caused a decrease in length of culms with increasing strengths 
of solution. The other salts produced such poor growth this year 
that the culms were undeveloped in the higher strengths. 
THE USE OF ALKALI WATER FOR IRRIGATION 27 
Number of Heads and Spikelets 
Throughout the four years the number of heads produced per 
jar, shown in Figure 13, appeared to .be stimulated by the sodium 
chlorid at certain concentrations, and in most ~ases there was a 
tendency for a greater number of heads as the strength of this 
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Variations in 
the number 0 f 
spikelets per head 
is much smaller 
in the sand than 
in the loam soil 
because the num-
ber in the sand 
was very small. 
Figure 14 indi-
cates a slight de-
soo 2f,)OO 4,000 6,000 8.000 10.000 12,000 14.000 crease i nth e 
Fig. i3 .-Number of heads per jar produced on number of spike-
wheat growing on sand soil watered with alkali lets as the so-
solution s of different concentrations expressed in I uti 0 n s grew 
parts per million of water. 
stronger, but this 
is about the only conclusion that may be drawn. 
EXCESSIVE SALTS lN LARGE JARS 
During 1918 a number of the jars mentioned in the above ex-
periment were filled with an equivalent of 8 kg. dry weight of 
Gre~nville loam and planted as in the preceding experiment with 
enough wheat to insure a uniform stand of 20 plants. When. the 
plants had reached the 5-leaf stage of growth they were watered 
weekly with enough excessively alkaline solution to keep the soil 
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at the standard moisture content of 20 per cent. The object of 
the experiment was to discover the concentration of alkali solu-
tions which would kill the plants in one season and to study the 
effect of alkali on the plant after it had reached the 5-leaf stage. 
There were 9 concentrations of each of the salts, the lowest being 
1 per cent and the highest 20 per cent with intervals of 2.5 per 
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.--r...,.._-~..,..--,.-~----,-...--...,.._-,.----r"----,-....---r-_, ~ matter due to the 
V~----'-~-~4-~-+-f__+-_+__+---lf--+--_+__4 ~ different concen-
I' 71---'-~---L..-I--~-L-_+-f--+-_+__+---l-+___I ::l trations in irri-
I Z ~ 4:===::=======~=~==:==+==i~=:t=~~=:t==i==t==: ga tion water is 
v e r y irregular. 
1 Jars receiving so-
dium carbonate 
1Ot-t--l---t---I---+---+---+---I--1--+--1--I--f---f---I produced less dry 
.,I-t-t---+_-!---+-~--+_+__-+-_+_-t--~_-t-f---+_l-__i rna tter in all 
e..) 
0:; 
- 4t-t--+-~_L, ~~+---'-~---t--I--~---+---~-I---t--~ 
III'" , 
500 2,CXXJ 4,000 6,000 8.000 10,000 12,000 14,000 
Fig. 14.-Number of spikelets per head produced 
on wheat growing on sand soil watered with alkali 
solutions of different concentrations expressed in 
parts per million of water. 
cases than the 
check jars, and, 
except for the 
sulfates watered 
with 17.5 per cent 
solutions, the car-
bonates produced 
less than either 
of the other salts at every concentration. All .of the salts 
proved rather toxic at the higher concentrations. It was not un-
til the solutions were stronger than 10 per cent that the sodium 
chlorid became definitely injurious and the sodium sulfate could 
hardly be considered definitely harmful until the concentration 
. was above 15 per cent. The chlorid appeared to stimulate the pro- ' 
duction of dry matter when 1 to 10 per cent solutions were ap-
plied and to show a more regular decrease with increasing con-
centrations above this point than the other salts. As an average, 
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the sodium chlorid jars produced practically the same quantity of 
dry matter as the check jars. The sodium sulfate seems to have 
had a stimulating effect on the plants at concentrations below 15 
per cent and the average shows more dry matter under this treat-
ment than under the checks: 
The water required by the plants showed the same general 
irregularity with the different treatments that was shown in the 
production of dry matter. When the strength of the sodium 
chlorid was 7.5 per cent or greater the plants used the water 
much more efficiently in the production of dry matter than did the 
Table VII. R fject of di fferent concent rations of alkali water 
w hen applied to w heat at the 5-leaf stage 
and as needed ther eafter . 
Solution Salt Added I Dry Matter !TranBPira tiOt 
Strength [Amt. Addei I to Soil Gra ms Per Gram 
Per cent (c.c. ) (p.p.m.) P er Jar I Dry Matter 
N aCI I Check 
-- ----- --- ----------
I 
7,739 8.27 936 
1 
---- -- ---- -...... _-- ------- - 9,090 11 ,363 10.18 891 
2 1h 
----- .. .. _-- --- .... .. _-- --- 9,930 ,31 ,031 12.00 827 
5 
-- ---------- -- --- .. -- ----- .. I 7,085 44,381 6.90 1,027 7 14 ---- ... .. _--- -- .. -- ----- -.. 6,745 63,234 9.36 721 
10 
-- ------ -- ---- --- .. .. _---.. I 5 ,255 65 ,688 10.02 525 12 1h ---- ------ -- --- ------- 4,355 68 ,046 7 .65 569 
15 
-- -- -.. ------ ---- -------_ .. -
I 
3,990 74 ,852 5.73 696 
171h 
----------- .. ------ ----
3,785 82,796 6.45 586 
20 
------ -------- ---... .. _------
3,605 90,125 5.93 608 
Average 
--.. ...... _- -- ---- --
, 5,982 59 ,046 8.25 71-7 -
Na2C03 
'I Check -- ------- ------- ---- 7 ,739 8.27 936 
1 
------ -- ------- -- ------- -- I 6,740 8 ,425 4.80 1,404 
21h 
---- ------------ ---- -- I 
7,865 24 ,575 7.45 1,056 
5 
-- ------------------ -- --- -
4 ,635 82 ,900 5.25 883 
7 1h 
----- ------ ----- ------ I 6 ,660 62 ,438 7.07 942 
10 
-- ---- -- -- ------------ ----
, 4,585 57 ,313 6 .65 689 
121h 
-- --- ---- ----- ---- ---- I 
4 ,080 63,750 7.63 535 
15 
---- ----- -- -- --- ----- --- --
3 ,860 72 ,375 4.38 881 
171h 
---- -- ---------------- I 3,550 77,656 5.36 663 
20 
--- --- --- ------ -- ----- --- - I 3,021 75,525 2.90 1 ,042 
Averag e 
-------- ------ -- I 5,000 58,328 , 5.72 89-9--
Na2S04 , I c~e_~~ __ ~ ~ ~ ~ ~~~~~ ~ ~ ~ ~~ ~~ ~ ~~~ , \ 7 ,739 I 8.27 936 10 ,425 13 ,031 I 9.75 1,069 
2 % 
--- --- -------------- -- I 9,925 31 ,015 , 8.40 1,18'2 
5 
--- ---- ---- -- --- ------ ---- I 10 ,010 62-,563 I 11.45 871 7 % --- -------- . --- -- ----- I 7,875 73 ,828 7.27 1,083 
10 
------ ----------- ---- ---- - I 8 ,830 110 ,375 I 11.93 742 
12 % 
----- -- -- ---- --------- I 6 ,465 101 ,015 I 8.10 798 15 ----------------- ------ --- I 7 ,615 142 ,781 10.60 718 
17 % 
-------- ---- -- --- --... -- I 5 ,500 120 ,313 I 4.67 1 ,177 
20 
-- ------- ------------ --.. - I 6,590 162 ,250 , 6.87 945 
Average 
------ ------- -- -
, 8 ,126 90 :79 6- -- T - - - S.78 954 
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check jars or the other treatments. Sodium chlorid in the weaker 
solutions, where the plants were apparently stimulated, caused 
the plants to use water more economically than other treatments. 
An average of 717 grams of water for each gram of dry matter 
produced was used in the sodium chlorid treatments; in the 
check jars, 936 grams; in the sodium carbonate jars, 899 grams; 
and the sodium sulfate jars, 954 grams. 
From th~s experiment it appears that water containing as 
much as 1 per cent, or 10,000 parts per million, of sodium car 
bonate, when applied to a soil free from alkali, would prove very 
injurious to wheat in one season even where the soil was kept 
moist by weekly irrigations. The sodium chlorid might be en-
dured at strengths as high as 2.5 per cent, or 25,000 parts per 
million, without serious effects, and the sodium sulfate at much 
higher concentrations. It might also be concluded that plants 
are not so greatly influenced by alkali after they have once begun 
a vigorous growth as where they are stunted by alkali at an 
earlier period. This latter conclusion is shown by the quantity of 
salts present in the soils at harvest time. The sodium sulfate 
produced more dry matter than the check as an average, although 
the average quantity of salts present at the end of the season was 
over 90,000 parts per million; the sodium chlorid produced prac-
tically the same quantity of dry matter as the check in soil with 
an average salt content of over 59,000 parts per million; and the 
sodium carbonate, with an average of over 58,000 parts per 
million, produced over two-thirds as much dry matter as was pro-
duced by the check jars. In a soil with a salt content of over 
31,000 parts per million, the jar receiving 2.5 per cent solutions 
of sodium chlorid produced nearly 50 per cent more dry matter 
than did the check jars. 
CONCENTRATIONS REQUIRED TO KILL PLANTS IN 
THREE WEEKS 
A tumbJer experiment was set up in 1917 to determine at what 
concentra~ -.In alkali irrigation water would kill wheat seedlings 
in a period of three weeks. Each of 500 tumblers was -filled with 
200 grams-dry weight-of Greenville loam after which it was 
made up to 20 per cent moisture and 10 kernels of wheat planted 
in each tumbler. The salts used were sodium carbonate, sodium 
chlorid, sodium sulfate, calcium chlorid, and magnesium chlorid. 
There were 10 concentrations of each kind of salt, all solutions 
being prepared in strengths ranging from 2 to 20 per cent, with 
2 per cent differences. The plants were watered on the seventh, 
thirteenth, and seventeenth days from the time they were 
planted. Table VIII shows the total water applied to the tumb-
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Table VIII· Effect of highly concentrated alkali solutions on 
wheat seedlings. Plants irrigated with alkali water 
7, 13, and 17 days after planting. 
1917 
St r en gth Water I Salts Added /Harvest Wto / Height of Days 
of Applied t o Soil of Plants P la n t s Before 
Solution (c.c. ) (p .p.m. ) ( gr .) (c.m. ) Dead 
Na CI 
I I 2 per cent 61.0 6,100 .1135 17.63 4 per cent 58.5 11,700 . . 1218 18.69 
6 per cent 51.1 I 16,830 .1102 16.00 20.0 8 per cent 54 .2 21,680 .0838 12.80 20.0 
10 per cent I 53.8 I 
26,900 :0963 13.45 20 .0 
12 per cent 47 .8 28 ,680 .0842 1·0.91 17.0 
14 per cent 44.3 
I 
31,010 .0820 9.77 17.6 
16 per cent 41.8 33 ,440 .0777 9.72 16.4 
18 per cent 40 .7 36 ,630 .08.35 10.48 16.4 
20 per cent 40.1 I 40,100 .0700 9.82 16.3 
Average ---- I 49.33 I 25, 307 .0923 12.93 17.7 
Na2C03 I 
\ 2 per cent I 62.95 6,295 .1125 18.39 
4 per cent I 59.6 I 
11 ,920 .1014 16.34 19.0 
6 per cent 55.7 16,710 .11 5 3 16.97 18.4 
8 per cent 55.2 
I 
22,080 .0910 15.74 18.3 
10 per cent I 53.3 26 ,650 .0853 11.41 17.3 
12 per cent 52.2 31,320 .0887 12.93 17.7 
14 per cent 47.5 33 ,250 .0841 11.77 17.6 
16 per cent 46.5 37,200 .0872 10.16 17.2 
18 per cent 46 .5 41,850 .0539 9.86 17.4 
20 p er cent 44.8 44,800 .0575 7.95 17.4 
Average ---- I 52.43 .0876 13.16 17.8 
Na2S04 
2 per cent 66.1 6 ,610 .1177 19.46 
4 per cen t 58.4 11,680 .1136 19.1 2 
6 per cent 56.0 16 ,800 .1181 20 .05 
8 per cent 52.1 20 ,840 .1112 19.68 
10 per cent 50 .3 25,150 .1088 18.60 
12 per cent 50.7 30 ,420 .1124 19.37 
14 p er cent 44.3 31 ,010 .0975 18 .31 
16 per cent 43 .9 3 5,1 20 .1031 17.29 
18 per cent 43.6 39 ,240 .1070 18 .58 
20 per cen t 44.7 44 ,700 .0882 15 .25 
Average -- -- I 45.94 .1077 18.57 
MgC12 I 
2 per cent I 59 .8 5,980 .1087 19.40 
4 per cent 53.6 10 ,720 .1074 18.02 
6 per cent 51.1 15,330 .1112 15 .41 
8 per cent 48.4 1 9,360 .1004 14.92 19.0 
10 per cent 44.1 22,050 .0989 13.67 20.0 
12 per cent 43 .0 25 ,800 .0686 8.24 14.5 
14 per cen t 39 .7 27 ,790 .0849 10.17 19.7 
16 per cen t ! 36 .8 29,440 .1046 10.23 19.6 
18 per cen t I 35.8 32 ,220 .0973 14.39 19.4 
20 per cent 36.5 36 ,500 .0940 12.30 19.3 
ATerage ---- I 44.88 19,234 .0976 13.67 19.4 
(Continued on next 'Page) 
32 BULLETIN NO. 169 
(Table VIII-Continued) 
Strength 
of 
Solution 
CaCm 
2 per cent 
4 per cent 
6 per cent 
8 per cent 
10 per cent 
12 per cent 
14 per cent 
16 /p'er cent I 
18 per cent I 
20 per cent 
Water 
Applied 
(c.c.) 
59.7 
53.9 
49.6 
48.5 
46.3 
'47 .9 
43.1 
40.5 
38.8 
,37.0 
~verage ---- I 46.53 
I
salts Added I Height of 
to Soil Plants 
(p.p.m.) (c.m.) 
5,970 .0959 
10,780 .0956 
14,880 .1144 
19,400 .1136 
23,150 .0969 
28,740 .1902 
30,170 .0904 
32,400 .0974 
34,920 .0930 
37,000 .1011 
23,741 .0998 
I
Harvest Wt. 
of Plants 
(gr. ) 
18.27 
18.61 
18.69 
16.47 
14.63 
13.52 
13.76 
12.23 
11.11 
11.93 
14.91 
Days 
Before 
Dead 
._-_.-
------
20.0 
19.7 
19.7 
19.4 
19.6 
19.6 
19.1 
19.0 
19.48 
lers, the quantity of alkali which had been applied to the soil by 
the end of the experiment, and various data concerning the 
growth of the plants. . ' 
Considering the harvest, weight, th~ sodium carbonate is seen 
to be the most toxic salt, followed in " order by ' sodium- chlorid, 
magnesium chlorid, calcium chlorid, arid sodium sulfate. The 
toxic effect of. the sodium carbonate and sodium chlorid , becomes 
easily apparent when the irrigation water contained more than 6 
per cent of these salts. Until about 6 per cent 'solutions were 
used sodium chlorid was the least toxic salt, but above this per-
centage it ranks nearly with sodium carbonate. Sodium sulfate 
was the least harmful of the salts tested. N either it nor calcium 
chlorid appeared to have much effect. on the dry matter, with the 
percentages of ,salts used., although at the higher concentrations 
of sodium sulfate the amount of dry matter was less than for the 
lower ones. While the magnesium chlorid tumblers coihmenced 
to decrease in production with increased quantity of salts in the 
water from 6 to 12 per cent, at which 'point it appeared to be the 
most toxic salt, from 12 per cent onward it decreased in toxicity 
until it ranked with the least toxic salts. 
With height of plants, the salts hold the same general rela~ 
tionship to each other as with dry matter produced, except that 
sodium chlorid averages slightly more toxic to height , than 
sodium carbonate. The sodium sulfate appears to be distinctive-
ly favorable to the production of high plants ,when compared 
with the other salts used. Increasing the concentration of this 
salt decreased- the height of the plant in most cases, but such 
increases were less detrimental than corresponding increases in 
the other salts. With calcium chlorid, which produced plants 
with an average height of -14.91 cm.,. as compared, with 18.57 for 
the sodium sulfate, the height of the plants declined rather 
steadily when the strength of the solution was greater than 6 
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per cent. As with the dry weight, the magnesium chlorid 
showed a maximum toxic effect when the concentration of the 
solution 'was 12 per cent, after which a rise began. Both the 
sodium chlorid and the sodium carbonate tend to decrease the 
height of the plants when present in the water in all of the 
strengths tried. With the latter two salts the plants were only 
about one-half as high when watered with 20 per cent solutions 
as when watered with 2 per cent · solutions. 
The plants were all dead within 17 to 19 days when they 
were watered with sodium carbonate solutions stronger than 4 
per cent. The sodium chlorid withstood 4 per cent solutions 
for the .full period of 21 days and withstood up to 10 per cent 
for 20 days, but. from this strength upward .. this salt proved 
fatal to the plants sooner than the sodium carbonate. None of 
the plants which received sodium sulfate were killed in the three 
weeks of the experiment, and those rceiving magnesium chlorid 
and calcium chlorid withstood the . solutions for about 19 days, 
even in the highest concentraions. All of the weakest solutions 
of the salts permitted the plants to survive for the 21 days even 
though the soils contained about 6,000 part~. permillion of salts 
for the last four days. The sodium chlorid and calcium chlorid 
. with'stood about 1~,000 parts per million, the magnesium chlorid 
over 15,000 parts per million, .~and the sodium sulfate nearly 
45,000 ~ithout being killed. 
',' CONCENTR'ATIONS REQUIRED TO KILL PLANTS IN 
ONE IRRIGATION 
During the winter season of 1918 a series of glass tumbler 
experiments were set up in an attempt to determine at what 
molecular strength the three main alkali salts, when present in 
. an irrigation water, will cause immediate injury or death to 
young 'wheat plants.. To each of 1,320 tumblers the equivalent 
of 200 grams ' of dry Greenville loam soil was added, and, after 
making· the soil up ·t o 22.5 per cent moisture,10 kernels of New 
Z~aland wheat were planted; The tumble.rs were then divided 
into 20 groups, each of which contained .66 tumblers arranged 
iii triangular form. When the plants had made 10 days' growth 
all of the 'tumblers were made up to 17.5 per cent moisture, 
after which they were given a single watering of 20 cc. of the 
alkaline solution to be used and the effects of the alkali care-
fully not~d. · 
'The concentration of the 20 different solutions ranged from 
.0625 to 1.2500 gram molecular. The ·series are labeled "A" to 
"T"-"A" 'rec'eiving the weakest and "T" the strongest solutions. 
Each of the 66 tumblers in a group received water of the same 
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molecular strength, but with a different combination of the salts. 
As shown in Fig. 15 each salt was tested alone and in combina-
tion with one salt only as well as with both of the salts in 'pro-
portions varying from 1 to 9. The molecular strength of the 
solutions used for each series and the parts per million for the 
corner or unmixed salts are shown in Table IX. Since the solu-
tions applied equal 10 per cent of the weight of the soil, 10 per 
cent ' of these strengths in the solution equals the parts per mil-
lion in the soil. 
Table IX. Concentrations of the solutions used in the 
different series of tumbler experim ent. 
Series I Molecular Parts per million in Water Strength NaC1 NaC03 Na2S04 
A .0625 3,654 6,625 8,879 
B .1250 7,308 13,250 17,759 
C .1875 10,961 19,875 26,638 
D .2500 14,615 26 ,500 35,518 
E .3125 18 ,269 33,125 44,397 
F .3750 21,923 39 ,750 53,276 
G .4375 25,576 46,375 62,156 
H .5000 29,230 53 ,000 71,035 
I .5625 32,884 59,625 79,914 
J .6250 36,538 66,250 88,794 
K .6875 40,191 72 ,875 97,673 
L .7500 43,845 79,500 106,553 
M .8125 47,499 86,125 115,432 
N .8750 51,152 92,750 124,311 
0 .9375 54,806 99,375 133 ,191 
P 1.0000 58,460 106,000 142,070 
Q 1.0625 62 ,114 112 ,625 150,949 
R 1.1250 65 ,768 119,250 159,829 
S 1.1875 69,421 125 ,875 168,708 
T 1.2500 73,075 132,500 177,588 
The effect of the solutions on the erectness of the plants, the 
wilting of the leaves, the browning and corroding of the base 
of the stems, and the general healthfulness of the plants were 
taken in percentages of normal plants. The results presented 
in Figure 16 represent the average effect of the salts 
based on the average of these different determinations. Black 
in the circles of the figures represents the relative injury to the 
plant. A white circle represents a perfect growth and a black 
one complete inj ury. 
The first definite toxic effect of the salts or the point above 
where the plants showed plainly the effect of the alkali was in 
series "E" where the soils contained about 1,800 parts per mil-
lion of sodium chloridt 3,300 parts per million of sodium carbon-
ate, and 4,400 parts per million of sodium sulfate, or where the 
strength of the solution added was 10 times this amount for the 
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Nael 
Na;c03' 
Fig. 15.-Diagram showing combinations of NaCl, Na2S04, and 
Na2C03 in various tumblers in Figure 16. The same combinations were 
retained for all combinations. 
unmixed salts. The sodium chlorid, and especially the sodium 
carbonate, became rather toxic at this point, but the sulfate is 
not so distinctly inj urious. The pure salts or those only slightly 
diluted with the other salts are apparently more injurious in 
this series than where all of the salts are more equally mixed. 
The mixture of sodium chlorid and sodium carbonate appears to 
be about as toxic as either of thes~ salts alone, but apparently 
. not more so. 
Series "F", which contained in the soils with the unmixed 
salts about 2,200 parts per million of sodium chlorid, 4,000 parts 
per million of sodium carbonate, and 5,300 parts per million of 
sodium sulfate, showed a general toxicity throughout that re-
duced the condition of the crop to less than two-thirds that of 
a normal growth. In general, the mixture of the three salts 
appears to be slightly less toxic than the sodium carbonate or 
the mixture of sodium carbonate and sodium chlorid. Mixtures 
.......... -----~~ 
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of sodium chlorid with sodium carbonate caused slightly greater 
injury than where the soil contained only sodium carbonate. 
The plants in the tumblers containing sodium chlorid alone were 
affected less than those with the mixture of sodium chlorid and 
sodium carbonate, or of those of the first two rows on the sodium 
chlorid, sodium carbonate side of the mixture of the three salts. 
The sodium sulfate and the mixtures containing large propor-
tions of this salt are somewhat less toxic than the other two 
salts. 
It will be noticed that series "G" is slightly less injured than 
series "F", but in general the same relationship holds between 
the salts that was seen in series "F" except that the unmixed 
sodium chlorid was more toxic than most any of the mixtures of 
all three salts. When part of the sodium carbonate at this con-
cent.ration was replaced by either sodium chlorid or sodium sul-
fate in medium to small quantities of the latter salts, the solu-
tions were more toxic than for the unmixed solutions. 
In series "H" and "I" the soils receiving sodium carbonate 
and sodium chlorid and the mixtures of the two produced less 
than half normal growth. The condition of the sodium sulfate 
was reduced considerably below what it was in the previous 
series. The greater toxic effect of the sodium carbonate, when 
alone and in the solutions containing large quantities of this 
salt, is more plainly -shown here in comparison with the other 
two salts than before. The general effect of Hie mixtures is 
nearly the same as in the previous series. 
From these two series onward, the condition of the plants 
varied somewhat, but tended in general to · a more serious state 
of injury with increases in concentration of the salts. It was 
not until series "P', where the soil contained about 14,000 parts 
per million of salts, that the sodium sulfate produced less than 
half normal growth of toe wheat. The apparent decrease in 
toxicity of certain series, such as "J", "M", "N", in places where 
an increase would be expected, is perhaps due to differences in 
position of the differe.nt series with regard to light or other 
conditions. As the experiment was run during the winter sea-
son the light was not as favorably distributed to the plants in 
the laboratory as might have been hoped for. 
SUMMARY 
Since there is more land in arid regions than can be irrigated 
with the available water, it becomes necessary to utilize all water 
that can be obtained. This means that water containing large 
quantities of soluble salts is sometimes used, but if the salt con-
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tent is too high crops are killed and the land is ruined. It is very 
important therefore to know the highest salt content that can be 
safely used. 
In this paper the important literature on the subject is review-
ed and the results of several experiments by the authors are 
given. 
So many factors enter into the toxicity of alkali that it is 
impos~ible to give definite limits of salts in irrigation water. The 
nature of the sOlI, its drainage, the kind of crop, the amount of 
water necessary to apply to produce crops, the soil moisture con-
tent, the methods of handling the soil, and a number of other 
factors enter into the problem. . 
In the experiments herein reported, the dry matter produced, 
the height of plants, the number and weight of leaves, the number 
and length of culms, the number of heads and spikelets, the tur-
gidity of the plants, and the general appearance of the crops were 
all found to be useful indicators of the effect of alkali water. 
Results in different soils show that wheat should not be irri-
gated with water containing as much as 1,000 parts per million 
of sodium carbonate and that even 500 parts per million will, in a 
short time, reduce the growth of the crop. More than 1,000 
parts per million of sodium chlorid and more than 4,000 parts per 
million of sodium sulfate proved to be harmful after two or three 
years.· A mixture of the three salts-sodium chlorid, sodium 
carbonate, and sodium sulfate-was not so harmful as the most 
toxic but was more toxic than the least toxic individual salt. 
More than 4,000 parts per million of the mixed salts proved to be 
dangerous. Dilute concentrations of the salts often stimulated 
plant growth. 
On land irrigated with alkali water for only one year, or with 
but a single irrigation, much stronger concentrations than men-
tioned above could be endured; but for regular irrigation water, 
any concentration above about 500 parts per million of sodium 
carbonate, 1,000 parts per million of sodium chloride, 4,000 parts 
per million of sodium sulfate, and 4,000 parts per million of the 
nlixed salts may be considered as dangerous. 
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